The Tubby mouse is a phenotypic model for sensorineural deafness and retinal dystrophy including Usher syndrome type 1. Thioredoxin is a small 13 kDa protein which, when ubiquitously expressed as a transgene in the mouse, provides protection against multiple disease states including light-induced and oxidative stress-induced neurodegeneration and is down-regulated in the Tubby retina. We tested if overexpression of human thioredoxin in the Tubby mouse inhibits retinal degeneration and loss of visual function. Electroretinography, immunocytochemistry, quantitative histology, RT-PCR and Western blots were used to obtain data which showed that thioredoxin overexpression prevented loss of photoreceptors and retinal function. Analysis of signal pathways showed that thioredoxin up-regulated neurotrophic factors BDNF and GDNF and activated survival signaling pathways Akt, Ras/Raf1/ and the ERKs while inhibiting the ASK1/JNK apoptosis pathway. Relationships between the Tubby gene, its pathological phenotype and regulation of the thioredoxin system remain to be established.
Introduction
Thioredoxin (Trx) is a small (13-kDa), ubiquitous protein with two redox-active cysteine residues, -Cys-Gly-Pro-Cys-, in its active center (Holmgren, 1985) . Trx plays an important role in various signaling events involved in the control of numerous physiological processes including cell growth, survival/apoptosis, development, differentiation and proliferation (Hirota et al., 1999; Saitoh et al., 1998) . In response to various stress conditions, Trx increases the activity of several transcription factors, such as nuclear factor kappa B (NF-kB), activator protein (AP-1), p53 and related co-activators such as Ref-1, which depend on reduced sulfhydryl groups for their function (Ando et al., 2008; Henderson, Jr. et al., 2002; Ueno et al., 2007) . Trx can also be secreted to the extracellular matrix where it functions as an autocrine growth factor and co-cytokine (Rosen et al., 1995; Silberstein et al., 1993) . The Trx transgenic (Tg-Trx) mouse, which ubiquitously overexpresses human Trx under the control of beta-actin promoter, has been generated and shown to display various phenotypes including an elongated lifespan (Cho et al., 2003) and protection against multiple disease states such as ischemic injury (Turoczi et al., 2003) ; cigarette smoke-induced lung inflammation and emphysema (Sato et al., 2008; Turoczi et al., 2003) ; congestive heart failure (Satoh et al., 2007) ; diabetes mellitus (Yamamoto et al., 2008) , chronic pancreatitis (Ohashi et al., 2006) and gastric mucosal injury (Tan et al., 2007) . In recent years, data show that Trx is not only a trophic factor for neuronal cells homeostasis (Akterin et al., 2006; Masutani et al., 2004; Matsuura et al., 2007) , but is also a neuroprotective factor. Intravenous administration of recombinant hTrx in mice was reported to decrease brain damage subsequent to transient focal cerebral ischemia (Hattori et al., 2004) . Moreover, overexpression of Trx and intravitreal injection of recombinant human Trx protein prevent light-induced photoreceptor degeneration (Tanito et al., 2005; Tanito et al., 2007) , and protect retinal ganglion cells against oxidative stress-induced neurodegeneration in vitro and in vivo (Munemasa et al., 2008) .
The homozygous Tubby (tub/tub) mouse has been described as a phenotypic model of Usher syndrome type I found in humans and 
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